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simple	model	is	then	𝐼 = − 𝑞 𝑡 =  − 𝑞𝑣 2𝜋𝑟	where	−𝑞	is	the	charge	of	the	electron.		
Substituting	this	expression	for	I	into	the	equation	for	the	magnetic	moment	yields	


















































































































































































































































































	 𝐻!! = 𝐻! −𝒩!𝑀! ;  𝐻!! = −𝒩!𝑀! ;  𝐻!! = 𝐻! −𝒩!𝑀! .	 (18)	
This	can	be	shown	to	lead	to	the	general	Kittel	equation	for	the	resonant	frequency	[32]	
	 𝜔!! = 𝜇!
!𝛾! 𝐻!! + 𝒩! −𝒩! 𝑀(𝐻) 𝐻!! + 𝒩𝒚 −𝒩! 𝑀(𝐻) 	 (19)	
where	𝐻!! 	includes	all	anisotropic	fields	and	the	relationship	𝑀! → 𝑀(𝐻)	has	been	
employed	to	reflect	the	superparamagnetic	nature	of	the	particular	experiment.	
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and	so	the	initial	conditions	are	𝜙 = 𝜙′ = 0.		Applying	a	Laplace	transform	yields	
	












𝑠 + 𝜆 2





𝑠 + 𝜆 2 ! + 𝜔!!
	
(27)	
where	𝜔!! = 𝜔!! − 𝜆 2 !.		Solving	with	the	inverse	Laplace	transform	gives	[11]	
	









	 𝜙 𝑡 = 𝛽! sin 𝜔!𝑡 + 𝜙 𝑒!! !	 (29)	





























































































































































































































































































































































































































































































































































































































𝑓! = 𝜇!𝛾 𝐻!
































	 𝑓! = 𝑔
𝜇!𝜇!
ℎ 𝐾𝐻! + 𝐻! + 𝒩! −𝒩! 𝑀 𝐻 ∗	
(𝐾𝐻! + 𝐻!)+ 𝒩! −𝒩! 𝑀(𝐻) .	
(36)	
The	value	of	𝐻!	is	obtained	from	Eq.	(20)	by	measuring	the	frequency	when	𝐻!=0.		The	









































































































































































































































































	 𝜏 = 𝜏!𝑒𝑥𝑝
𝐾𝑉
𝑘(𝑇 − 𝑇!)
.	 (39)	
In	Eq.	(39)	𝑇!	is	called	the	interaction	temperature	parameter,	a	measure	of	the	
interaction	strength.		This	has	the	effect	of	raising	the	effective	blocking	temperature,	
meaning	the	collection	of	interacting	particles	exist	in	a	mixed	state.		In	this	case	the	
sample	behaves	in	a	slightly	ferrimagnetic	manner,	while	remaining	mostly	
superparamagnetic.		It	is	assumed	that	this	finite	remanence,	along	with	the	findings	in	
[45],	is	largely	responsible	for	the	precession	at	zero	bias	field	discussed	earlier.		This	
phenomenon	makes	it	particularly	difficult	to	derive	parameters	of	single	nanoparticles,	
such	as	blocking	temperature	and	anisotropy	constants	in	experiments	[48].		This	is	
because	large	numbers	of	particles	must	be	measured	to	ensure	enough	magnetic	
material	to	make	a	reasonably	accurate	measurement.		This	results	in	effective	
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parameters,	rather	than	those	of	single	particles.		Similar	difficulties	are	present	in	this	
work	as	well,	though	not	a	temperature-dependent	study.		While	the	g-factor	
estimation	was	generally	successful,	the	multimodal	precession	complicates	matters	
and	a	single	solution	to	the	LL	equation	is	not	possible.		This	also	likely	affected	the	
nature	of	the	damping,	which	is	effective,	and	sample-wide,	not	that	of	an	individual	
particle.	
	 As	for	the	final	value	of	the	VSM	measurement	shown	in	Fig.	6.8,	the	
magnetization	is	532kA/m.		This	is	about	10.7%	higher	than	the	commonly	reported	
value	of	480kA/m	[17,	Ch.	11,	p.	422].		The	reason	for	this	error	has	a	few	plausible	
explanations,	all	of	which	likely	contribute	to	some	degree.		To	obtain	the	
magnetization,	the	sample	moment	must	be	divided	by	the	volume	of	magnetite	in	the	
sample.		This	is	calculated	by	using	the	reported	2%	by	volume	from	the	manufacturer	
[15]	and	the	20𝜇L	volume	of	the	sample.		An	error	in	either	of	these	values	will	result	in	
an	incorrect	volume.		Given	such	a	small	volume,	the	error	can	be	quite	significant.		The	
other	possible	contributing	factor	is	the	reported	observed	enhancement	in	
magnetization	in	some	nanoparticles	[31].		As	the	foregoing	discussion	addresses,	the	
result	from	such	a	phenomenon	is	an	effective	saturation	magnetization	of	the	sample	
that	is	modeled	as	the	magnetization.	
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Chapter	8	
Conclusion	
Collections	of	coated	nanoparticles	dried	from	ferrofluid	solutions	were	
prepared	in	two	geometries,	circles	and	strips.		Each	type	of	geometry	was	further	
differentiated	by	drying	the	them	in	an	external	field	of	2.5kA/m	for	one	case	and	in	the	
absence	of	a	magnetic	field	for	the	other.		The	objective	of	the	experiment	was	to	
determine	if	these	collections	of	particles	displayed	the	time-domain	magnetization	
dynamics	predicted	by	the	Landau-Lifshitz	theory	and	further	if	these	dynamics	could	be	
captured	by	an	inductive	technique	typically	employed	in	the	study	of	thin	magnetic	
films.		The	estimation	of	the	g-factor	and	damping	parameters	were	sought,	as	was	the	
nature	of	the	frequency	progression	as	a	function	of	magnetic	bias	field.	
To	implement	the	inductive	technique,	the	samples	were	placed	on	a	coplanar	
waveguide	in	an	external	adjustable	magnetic	bias	field.		A	rapid	step	current	in	the	
waveguide	generated	a	change	to	the	local	magnetic	field	giving	rise	to	magnetization	
dynamics	predicted	by	the	Landau-Lifshitz	theory.		These	magnetic	dynamics	in	the	
vicinity	of	the	waveguide	induced	a	voltage	measured	by	a	sampling	oscilloscope.			
The	data	were	corrected	to	account	for	temporal	drift	in	the	triggering	circuit	by	
a	comprehensive	MATLAB	routine	written	for	the	experiment.		This	routine	then	fitted	
the	data	to	models	using	nonlinear	least	squares	regression	methods.		Two	
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exponentially	damped	sinusoids	were	required	to	describe	the	time-domain	results	in	
light	of	two	prominent	frequency	components	around	1.3GHz	and	3.5GHz.		Two	possible	
origins	of	the	second	frequency	were	briefly	discussed	but	the	ultimate	cause	could	not	
be	conclusively	deduced	from	the	present	experiment	alone.		The	frequencies,	derived	
from	an	FFT	analysis	were	seen	to	progress	with	a	change	in	bias	field	according	to	the	
general	Kittle	equation	of	ferromagnetic	resonance.		The	demagnetizing	factors	derived	
from	this	equation	were	those	of	spheroids,	not	that	of	the	overall	planar	shape	of	the	
sample.		That	is,	though	there	were	likely	interparticle	interactions,	the	measured	
magnetic	precession	was	that	of	the	individual	particles.		The	spectroscopic	splitting	
factors,	or	g-factors,	derived	from	the	normal	precession	mode	were	found	in	excellent	
agreement	with	previously	published	values.		In	most	cases	the	agreement	was	within	
1%	error	and	at	most	7%	for	the	circular	non	field-dried	geometry.		The	sample-wide	
demagnetization	was	predicted	to	exist	but	it	was	found	to	depend	upon	the	applied	
field,	not	the	field-dependent	magnetization	as	expected.		This	type	of	dependence	is	
not	presently	understood.				
The	damping	factors	were	derived	from	the	time	constants	of	the	exponentials	in	
the	fitted	time-domain	models.		Due	to	the	complexity	of	the	sample	interaction	and	the	
fact	that	the	Landau-Lifshitz	model	describes	the	dynamics	of	single	particles,	the	
damping	was	reported	and	discussed	qualitatively,	but	not	fitted	to	a	theoretical	model.		
A	decrease	in	normal	mode	damping	with	increasing	external	field	was	seen	to	behave	
similarly	to	that	seen	in	pulsed	inductive	experiments	on	thin	films.			
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The	amplitudes	of	the	inductive	signals	were	reported	and	discussed	however,	as	
in	the	case	of	the	damping,	were	not	fitted	to	a	predictive	model	due	to	the	complexity	
of	randomly	assembled	clusters	of	interacting	superparamagnets.		The	normal	mode	
amplitude	was	found	to	generally	decrease	with	increasing	bias	field	and	the	higher	
frequency	mode	was	typically	seen	to	increase.	
The	inductive	technique	was	largely	successful	in	measuring	the	time-domain	
dynamics	of	the	samples	and	revealed	the	spherical	nature	of	their	constituents.		The	
technique	is	not	difficult	to	implement	once	understood,	but	the	large	number	of	
particles	required	to	inductively	couple	to	the	waveguide	makes	the	analysis	of	the	data	
challenging.		Large	numbers	of	closely	spaced	particles	are	typically	used	in	the	many	
applications	of	magnetic	nanoparticles	discussed	in	the	introduction.		Understanding	the	
time-domain	behavior	of	such	agglomerations	is	useful	in	predicting	the	short	time-scale	
performance	of	an	application.	
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